Abstract All Kv7 potassium channels require membrane phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 ) for their normal function and hence can be physiologically regulated by neurotransmitters and hormones that stimulate phosphoinositide hydrolysis. Recent mutational analysis indicates that a cluster of basic residues in the proximal C-terminus (K354/K358/R360/K362) is crucial for PI(4,5)P 2 activation of cardiac Kv7.1 channels. Since this cluster is largely conserved in all Kv7 subunits, we tested whether homologous residues are also required for activation of Kv7.2 (a subunit of neuronal M-channels). We found that the mutation Kv7.2 (R325A) (corresponding to R360 in Kv7.1) reduced Kv7.2 current amplitude by ∼60 % (P<0.02) without change in voltage sensitivity and reduced the sensitivity of Kv7.2 channels to dioctanoyl-phosphatidylinositol-4,5-bisphosphate by ∼eightfold (P<0.001). Taking into account previous experiments (Zhang et al., Neuron 37:963-75, 2003) implicating Kv7.2 (H328), and since R325 and H328 are conserved in homologous positions in all other Kv7 channels, we suggest that this proximal C-terminal domain adjacent to the last transmembrane domain that contains R325 and H328 (in Kv7.2) might play a major role in the activation of all members of the Kv7 channel family by PI(4,5)P 2 .
Introduction
The five members of the family of Kv7 (KCNQ) potassium channels form voltage-gated channels that play a major role in regulating cell excitability [11, 17] . Kv7.1 subunits, with their associated KCNE1 proteins, form the cardiac delayed rectifier channel I Ks . Kv7.2 through Kv7.5 are primarily localized to the nervous system, where they form homomeric or heteromeric non-inactivating voltage-gated potassium channels (including the M-channel [23] ) that control neural excitability [3] . Kv7.4 and Kv7.5 also control the contractility of smooth muscle cells [7] .
All members of this family require the presence of the membrane phospholipid phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 ) for their normal function [6] . PI(4,5)P 2 controls the voltage sensitivity of the cardiac Kv7.1/KCNE1 channel [14] , whereas it sets the maximum open probability of Kv7.2-7.5 channels, without apparently altering their voltage dependence [12, 19, 20] . PI(4,5)P 2 dependence is important physiologically because it allows Kv7 channel activity to be altered by transmitters and hormones that stimulate PI(4,5)P 2 hydrolysis and reduce PI(4,5)P 2 levels [5, 6] . Hence, it is helpful to know which component(s) of the Kv7 channel protein are responsible for sensing PI (4,5)P 2 .
Individual members of the Kv7.2-7.5 subgroup vary over a hundred-fold in their sensitivity to PI(4,5)P 2 as a channel activator [12] . This difference was traced (in part, at least) to variations in a cluster of basic residues (K452/R459/R461in Kv7.2; see Fig. 1 ) in the linker between helices A and B in the channel C-terminus and hence adduced to be part of the binding site for PI(4,5)P 2 in this subgroup of Kv7 channels [10] . However, this cluster is not present in Kv7.1. Instead, mutational studies have suggested two other groups of basic residues in the Kv7.1 C-terminus as PI(4,5)P 2 activation sites: the more distal residues R539 and R555 (which are naturally mutated in patients with the long QT syndrome [16] ) and the cluster K354/K358/R360/K362 at the extreme proximal start of the C-terminus (Fig. 1) [22] . Mutations of these residues to neutral alanines reduced binding of phosphoinositides to a Kv7.1 C-terminal fusion protein and produced a large positive shift in Kv7.1/KCNE1 voltage sensitivity [22] .
Since the cluster K354/K358/R360/K362 in Kv7.1 is also strongly represented in other members of the Kv7 family, including Kv7.2 ( Fig. 1) , we wondered whether mutating the homologous residues in Kv7.2 to alanines might also affect Kv7.2 channel activity and sensitivity to PI(4,5)P 2 . We find that one such mutation (R325A) does indeed markedly impair the response of Kv7.2 channels to PI(4,5)P 2 . Taken in conjunction with the previous observation [25] that a mutation of the immediately adjacent histidine H328 also reduced Kv7.2 sensitivity to PI(4,5)P 2 , and bearing in mind that R325 and H328 in Kv7.2 are conserved among all Kv7 channels, we suggest that this region might play a major role in the activation of all Kv7 channels by PI(4,5)P 2 .
Methods

Site-directed mutagenesis
The human Kv7.2 channel construct (accession number, AF110020.1), provided by David McKinnon (SUNY, Stony Brook, USA; see [23] ) and cloned into pCR3.1 (Invitrogen) was used as the template for mutagenesis. The Quikchange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) was used, as per manufacturer's instructions, to mutate arginine 325 (R325A) and lysine 327 (K327A) to alanine singly, and in combination, within the proximal Cterminal region of Kv7.2. The primer sets employed were (5′-3′): R325A sense: AAGGTTCAGGAGCAGCACGCGCA-GAAGCACTTTGAGAAGAGGCGG, R325A antisense: CCGCCTCTTCTCAAAGTGCTTCTGCGCGTGCTGCTC CTGAACCTT, K327A sense: AAGGTTCAGGAGCAGCA CAGGCAGGCGCACTTTGAGAAGAGGCGG, K327A antisense: CCGCCTCTTCTCAAAGTGCGCCTGC CTGTGCTGCTCCTGAACCTT, R325A/K327A sense: AAGGTTCAGGAGCAGCACGCGCAGGCGCACTTT GAGAAGAGGCGG, and R325A/K327A antisense: CCGCCTCTTCTCAAAGTGCGCCTGCGCGTGCTGCT CCTGAACCTT. All constructs, and the introduction of mutations, were verified by automated sequencing.
Cell culture and transfection
Methods for cell culture and transfection were as described in [20] . In brief, all experiments were performed on Chinese hamster ovary (CHO) cells stably transfected to express the human muscarinic receptor type 1 (HM1). Cells were transiently co-transfected with 5 μg pCR3.1 plasmid encoding either the wild-type (wt) human Kv7.2 channel or single R325A or K327A mutations or double R325A/K327A mutations (see above), plus a cDNA plasmid encoding the enhanced green fluorescent protein (eGFP) in an eGFP: Kv7.2 cDNA ratio of 1:10. During transfection, HM1-CHO cells were incubated in Opti MEM medium (Invitrogen Inc.) in a humidified incubator gassed with 5 % CO 2 / 95 % air for 3 h then Opti MEM was replaced with Alpha MEM medium (Invitrogen Inc.) supplemented with 10 % foetal calf serum, 1 % penicillin/streptomycin and 1 % Lglutamine. Transfected cells were then plated onto coverslips and incubated in Alpha MEM medium (Invitrogen Inc.) supplemented with 10 % foetal calf serum, 1 % penicillin/streptomycin and 1 %L-glutamine in a humidified incubator gassed with 5 % CO 2 /95 % air. Cells expressing eGFP (assayed by fluorescence microscopy) were used for electrophysiological experiments between 18 and 72 h following transfection.
Electrophysiological recordings Macroscopic Kv7.2 currents were recorded using the voltage clamp perforated-patch technique as described in [18] . The bath solution contained (in millimolar): 144 NaCl, 2.5 KCl, 0.5 MgCl 2 , 2 CaCl 2 , 10 D-glucose, and 5 N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES); pH was adjusted to 7.4 using Trizma base (TRIS). The pipette solution contained (in millimolar): 30 KCl, 80 Kacetate, 40 HEPES, 3 MgCl 2 , 1 CaCl 2 , and 30 ethylene glycol tetraacetic acid (EGTA); free [Ca 2+ ] i was adjusted to 100 nM; pH was adjusted to 7.2 with KOH. Amphotericin B 300 μg/μL was used as a perforating agent. All experiments were performed at a controlled room temperature (22±0.5°C).
Single Kv7.2 channel activity was recorded in membrane patches from transfected HM1-CHO cells excised into inside-out configuration as described previously [20] . The pipette solution used was the same as the bath solution used for perforated-patch studies (see above). The bath solution for inside-out studies contained (in millimolar): 165 KCl, 5 HEPES, and 10 EGTA; pH was adjusted to 7.2 using NaOH. Non-hydrolysable ATPγS (0.1 μM) was constantly present in the bath solutions during inside-out studies in order to inhibit endogenous production of PI(4,5)P 2 by phosphatidylinositol kinases that might remain associated with the excised patch. To study the effects of PI(4,5)P 2 on channel activity, the water-soluble dioctanoyl analogue diC 8 -PI(4,5)P 2 was applied to the isolated inside-out patches in incremental concentrations from 1 to 300 μM using a fast microperfusion system (delivery time<1 s). The maximum concentration applied was limited to 300 μM for technical reasons.
All electrophysiological studies were performed using an Axopatch 200A amplifier and Digidata 1440 A/D interface (Axon Instruments, Forster City, CA, USA) and pipette holder optimized for low noise recordings (G23 Instruments, UCL). All recordings were filtered with an eight-pole Bessel filter at 5 kHz and digitized at 10 kHz. For recording, macroscopic currents in perforated-patch configuration cells were held at −70 mV and commanded to voltages from −100 to +70 mV in steps of 3 s duration and increments of ±10 mV. Series resistance was compensated 60-90 %. For recording single Kv7.2 channel activity, we used a gap-free protocol at a constant pipette potential of 0 mV. Pipette resistances of both perforated-patch and inside-out configurations were ∼5-10 MΩ when filled with the corresponding solutions.
Data analysis
The data were analysed using Clampfit 10.2, Microsoft Office Excel 2003, and Microcal Origin 6.0 software. Current-voltage relationships for the perforated-patch studies were determined using 2-3 s voltage commands between −100 and +70 mV in 10 mV steps from a holding potential of −70 mV and steadystate current densities plotted against command voltage (V c ). Conductances (G) were calculated by dividing current by the Fig. 1 Diagrammatic representation of Kv7.1 and Kv7.2 potassium channels with some of the residues in the Cterminus previously reported to be involved in channel activation by PI(4,5)P 2 as determined by mutational analysis (Kv7.1 (K354/K358/R360/K362): [22] ; Kv7.2(H328): [25] ; Kv7.2 (K452/R459/R461): [10]) driving force (V c -E K ), with E K ∼−95 mV, plotted against command voltage and fitted with a Boltzmann equation using an iterative fitting routine:
where G max is the extrapolated maximum conductance, V 0.5 is the voltage (in millivolt) corresponding to half the maximum conductance, and k is the slope factor (in millivolt). Single-channel currents were measured and channel P open determined as described in [20] . Channel openings <0.5 ms duration were ignored. Since most of the recordings were made from multi-channel patches containing up to six channels, the number of channels in each patch (N) was determined by fluctuation analysis using the equation:
where I m is the mean total current amplitude, Var(I m ) is current variance, and i unit is the single-channel current measured at low diC 8 
where P open(max) is the maximum extrapolated single-channel P open , EC 50 is the concentration of diC 8 -PI(4,5)P 2 producing half P open(max) and nH is the Hill slope. Curves were constrained to P open(max) ≤1; no other constraints were imposed.
Equations (1) and (3) were first fitted to the data generated from individual whole cell or isolated patch experiments, respectively, the appropriate set of parameters obtained, and then averaged to give the mean values (±SEM) shown in Tables 1 and 2 below. These latter values were then used to construct the curves shown in Figs. 2 and 4 . Statistical comparisons of means were performed using one-way ANOVA; differences were considered significant at P<0.05.
Western blots HM1-CHO cells were transfected in 10 cm dishes using Turbofect (Fermentas) with 5 μg pCR3.1-Kv7.2 wild type or mutant plasmids and 100 ng of eGFP. After 48 h, cells were washed twice with ice-cold phosphate-buffered saline (PBS) and harvested by scraping them from the surface. The cells were pelleted at 1,000×g for 4 min and resuspended in 1:1 mixture of PBS and sodium dodecyl sulphate (SDS) loading buffer. Cells were sonicated and denatured at 70°C for 20 min before loading samples onto SDS PAGE. Western blotting was carried out using standard techniques. Kv7.2 protein was detected using a goat anti-Kv7.2 N-terminal antibody (1:500 dilution, sc-7793, Santa Cruz Biotechnology, USA) followed by a horseradish peroxidase (HRP)-conjugated rabbit anti-goat secondary antibody (1:5,000 dilution, A5420, Sigma-Aldrich, UK). To determine the total amount of protein loaded, a rabbit anti-heat shock protein (HSP)-90 antibody (1:1,000 dilution, sc-7947, Santa Cruz Biotechnology, USA) followed by an HRPconjugated goat anti-rabbit secondary antibody (1:10,000 dilution, sc-2054, Santa Cruz Biotechnology, USA) was used. Detection was carried out using ECL detection reagents (GE Healthcare, UK).
Chemicals
All compounds for solutions, including amphotericin B and adenosine 5′-O-(3-thiotriphosphate) (ATPγS), were purchased from Sigma-Aldrich; diC 8 -PI(4,5)P 2 was purchased from Echelon Inc.
Results
Macroscopic currents: perforated-patch recording
When depolarized for 2-3 s from a holding potential of −70 mV, HM1-CHO cells that had been transiently transfected with cDNA plasmids encoding the wild-type Kv7.2 channel (wt-Kv7.2) expressed large time-and voltage-dependent outward currents, with a current density of 40.2±5.4 pApF −1 (n=11) at +70 mV and a threshold between −60 and −50 mV, as previously reported [18] (Fig. 2a, b and Table 1 ). Leak currents with hyperpolarizing steps down to −100 mV were negligible (≤1 pApF −1 ). Calculated conductance-voltage curves (Fig. 2c) yielded a half-maximal activation voltage (V 0.5 ) of −14.6±4.1 mV and slope factor (k) of 21.7±2.6 mV ( Table 1 ; cf. 13.8 and 12.1 mV, respectively, in [18] ). We then tested the effect of expressing cDNAs for the mutated Kv7 channels Kv7 (R325A) and Kv7 (K327A), singly and in combination. These mutations correspond to the R360A and K362A mutations of Kv7.1 which reduced Kv7.1/KCNE1 current densities at +40 mV by ∼70 % [22] . We did not test K321A because the corresponding mutation of Kv7.1 (K354A) had a relatively small effect on Kv7.1/KCNE1 currents [22] ; the other mutation-sensitive residue in Kv7.1 (K358) is already replaced by glutamine (Q) in Kv7.2 (see Fig. 1 ). The K327A mutation had no significant effect on Kv7.2 currents: neither current densities nor conductance V 0.5 values obtained on expressing the Kv7.2 (K327A) channel were significantly different from Kv7.2-wt (Fig. 2b, c) . In contrast, the R325A mutation, and the double-mutant R325A/K327A, strikingly reduced current densities at +70 mV by ∼60 %, to 16.4±6.1 pApF −1 (P<0.02), and by ∼84 %, to 6.4±1.6 pA pF −1 (P<0.001), respectively; mean R325A and R325A/ K327A current amplitudes were not significantly different (P<0.076). Interestingly, this reduction of current amplitude was not accompanied by any apparent change in voltage sensitivity, as judged from the conductance V 0.5 ( Fig. 2c and Table 1 ). We were concerned that the changes in current amplitudes seen with these mutations might have arisen from reduced channel protein expression. There was no change Table 1 . d Western blots showing the total expression of wildtype or mutant proteins within transfected HM1-CHO cells. Kv7.2 was detected as a 100-kDa band (left hand panel) and the total amount of protein loaded was confirmed to be similar by detection of the molecular chaperone, HSP-90 (right hand panel). The marker shown is the Page Ruler Prestained protein ladder (Fermentas, UK) in total protein expression, as judged from Western blots (Fig. 2d) . Although this does not exclude a change in plasma membrane expression, single-channel recordings (see below) suggest this not to be an important factor since the reduced macroscopic current amplitudes were matched by reduced openings of the individual channels.
Voltage (mV)
Single-channel properties: isolated inside-out patch recording Kv7.2-wt channel activity identified in on-cell recording rapidly dissipated on patch excision in inside-out mode into the ATPγS-containing 'intracellular' solution, presumably due to loss of PI (4,5)P 2 from the isolated membrane patch (see [20] ). Activity could then be generated by adding incremental concentrations of diC 8 -PI(4,5)P 2 to the inside face of the membrane patch (Fig. 3a) . When corrected for the number of channels (see 'Methods' section), the maximum observed single-channel open probability (P open ) at 300 μM diC 8 -PI(4,5)P 2 was 0.73±0.072 (n=10; Table 2 ). The concentration dependence of diC 8 -PI (4,5)P 2 -activated channel P open could be reasonably well fitted by a single-site Hill equation, with EC 50 of 120.3±32.43 μM and Hill slope (nH) of 2.08±0.348 (n=10) (Fig. 4 , dashed line, and Table 2 ). This EC 50 value is not significantly different from that obtained previously for homomeric Kv7. Table 3 ) channels expressed in these cells (76.2±19.9 μM [20] ), though the present Hill slope appears rather steeper.
The mutated channel Kv7.2 (K327A) showed a virtually identical response to diC 8 -PI(4,5)P 2 (Figs. 3b and 4) , with maximum observed P open at 300 μM of 0.69±0.067, EC 50 114.6±20.55 μM, and nH 1.06±0.111 (Table 2) . P open and EC 50 values were not significantly different from those for wild-type channels. In contrast, the single mutant R325A (Fig. 3c) and the double-mutant R325A/K327A (Fig. 3d) produced a striking reduction in the sensitivity of the channels to diC 8 -PI(4,5)P 2 : P open at 300 μM diC 8 -PI(4,5)P 2 was reduced ∼60 % for Kv7.2 (R325A) to 0.29±0.11 and for the doublemutant R325A/K327A by ∼76 % to 0.18±0.067, while extrapolated EC 50 values for diC 8 -PI(4,5)P 2 were both shifted ∼eight-fold from wild type, to 0.98 mM (Fig. 4 and Table 2 ). These changes were not accompanied by any material change in single-channel current amplitudes, which remained generally within the range 0.50-0.55 pA (Table 2) as reported previously [20] (Table 3) , openings of the mutated channels did appear to be briefer (Fig. 3e) , though we were unable to obtain a sufficient run of singlechannel activity to construct full open-closed time distributions.
Discussion
These experiments indicate that the PI(4,5)P 2 -sensing site previously identified in the proximal region of the Cterminal of Kv7.1 [22] is partly conserved in Kv7.2 and is crucially required in intact form for the normal activation of these channels by PI(4,5)P 2 . Thus, mutation of arginine-325 (R325) in Kv7.2 (corresponding to R360 in Kv7.1) to the neutral amino acid alanine reduced the maximum Kv7.2 current by 60 %. This can be attributed primarily to a large reduction in the sensitivity of the channels to PI(4,5)P 2 because the EC 50 for activation of the individual Kv7.2 channels by diC 8 -PI(4,5)P 2 was raised about eightfold, from ∼120 μM for the wild-type Kv7.2 channel to an extrapolated value near 1 mM, for the Kv7.2 (R325A) mutant. [The maximum observed P open at 300 μM PI(4,5)P 2 was ∼0.3 on average; since we could not test higher PI(4,5)P 2 concentrations, we cannot exclude an additional reduction in maximum open probability, see further below].
One difference from the Kv7.1 site is that the K327A mutation in Kv7.2 did not, by itself, significantly affect either channel sensitivity to PI(4,5)P 2 or macroscopic current amplitude, in contrast to the equivalent mutation (K362A) in Kv7.1 [22] (though it did preserve the effect of the R325A mutation in the double-mutant R325A/K327A). In addition, Zhang et al. [25] have previously reported that a mutation of the adjacent histidine-328 (Kv7.2 (H328C)) produced a threefold reduction in channel diC 8 -PI(4,5)P 2 sensitivity when incorporated into Kv7.2/7.3 heteromers (equivalent to a near tenfold reduction for a Kv7.2 (H328C) homomer). Thus, this proximal Kv7.2 PI(4,5)P 2 -sensing region appears to comprise (minimally) the two residues R325 and/H328.
Another difference from Kv7.1 concerns the effect of the mutations on channel voltage gating. The principal effect of PI (4,5)P 2 on the cardiac delayed rectifier Kv7.1/KCNE1 current is to increase its sensitivity to membrane depolarization, rather Table 3 for mean data). Curves are unconstrained least-squares plots of a single-site Hill equation (Eq. (3) in 'Methods' section). Mean values for the parameters used are given in Table 2 than control the absolute current amplitude [14] . Thus, the R360A mutation in Kv7.1 shifted the activation curve for Kv7.1/KCNE1 by +44 mV [22] . In contrast, no significant shift in the conductance-voltage curve occurred with the equivalent R325A mutation of Kv7.2 ( Fig. 2c and Table 1 ). However, the response of Kv7.1 channels to PI(4,5)P 2 is highly dependent on a tight association with KCNE1 [13] . Hence, and in accordance with our results on Kv7.2, the Kv7.1 (R360A) mutant produced only a minimal (+5 mV) shift of the activation curve for the Kv7.1 homomer in the absence of KCNE1 [2] . The present results also are in accord with previous observations that (for instance) the reduction in Kv7.2/7.3 (M) current produced by agonists that reduce membrane PI(4,5)P 2 is not accompanied by a change in the current's voltage sensitivity [1, 9, 15] . Previously, using mutational analysis combined with homology modelling and phosphoinositide docking simulations, a more distal Kv7.2 C-terminal domain in the linker between the A-and B-helices (see Fig. 1 ) containing the basic amino acid cluster K452/R459/R461 has been identified as forming a plausible binding site for PI(4,5)P 2 [10] . This suggestion was partly confirmed by a reduction in phosphoinositide binding to a Kv7.2 C-terminus fusion protein containing the triple mutant Kv7.2 (K452E/R459E/R461E) when compared with that of a wild-type fusion protein [21] . One possibility therefore is that PI(4,5)P 2 can bind to both the A-B linker site and the more proximal site containing R325A in Kv7.2 (as previously shown for the latter for Kv7.1 channels [22] ). Alternatively, perhaps the proximal domain is more involved in the associated conformational change leading to channel opening (i.e. the 'gating' of the PI(4,5)P 2 -activated channel), such that mutations of residues R325 and H328 reduce the stability of the activated channel. We cannot exclude this because we were unable to apply sufficient diC 8 -PI(4,5)P 2 to directly measure the maximum open probability; and indeed some support for an effect on gating might be adduced from the apparently briefer channel openings noted for the Kv7.2 (R325A) channels (Fig. 3e) . However, ligand binding and gating are intimately connected and effects of mutations on the two can be very difficult to distinguish from the channel response to an activating ligand [4] . Thus, in previous experiments on the response of heteromeric Kv7.2/7.3 channels to diC 8 -PI (4,5)P 2 , the effects of inserting the triple A-B linker-residue mutation in the Kv7.3 subunit [10] on this response could be better interpreted in terms of a change in the equilibrium gating constants than in the binding constants [20] 1 . Further, structural evidence for a close coupling between PI(4,5)P 2 binding and K + channel conformational change has been adduced for Kir channel proteins [8, 24] . Notwithstanding, and importantly, even if the R325A mutation did affect gating, its action was specific to the effect of diC 8 -PI(4,5)P 2 since the parameters for channel voltage gating were not altered.
Irrespective of the precise interpretation, the present and previous [25] results clearly show that the proximal Cterminal residues R325 and H328 play a major role in mediating the response of Kv7.2 channels to PI(4,5)P 2 . Further, since they are conserved among all Kv7 channels, it seems reasonable to suggest that they might form part of an essential structural component required for the activation of this channel family by membrane phosphoinositides. Structures of Kir channels complexed with PI(4,5)P 2 have already shown the critical involvement of juxta-membrane residues in the response of this channel family to phosphoinositides [8, 24] . If our suggestions for the Kv7 family are confirmed, this raises the possibility of a universal involvement of conserved juxtamembrane domains in ion channel regulation by PI(4,5)P 2 .
